Gradient-echo sequences are widely used in magnetic resonance imaging (MRI) for numerous applications ranging from angiography to perfusion to functional MRI. Compared with spin-echo techniques, the very short repetition times of gradient-echo methods enable very rapid 2D and 3D imaging, but also lead to complicated ''steady states.'' Signal and contrast behavior can be described graphically and mathematically, and depends strongly on the type of spoiling: fully balanced (no spoiling), gradient spoiling, or radiofrequency (RF)-spoiling. These spoiling options trade off between high signal and pure T 1 contrast, while the flip angle also affects image contrast in all cases, both of which can be demonstrated theoretically and in image examples. As with spin-echo sequences, magnetization preparation can be added to gradient-echo sequences to alter image contrast. Gradient-echo sequences are widely used for numerous applications such as 3D perfusion imaging, functional MRI, cardiac imaging, and MR angiography.
MAGNETIC RESONANCE IMAGING (MRI) sequences are often classified either as spin-echo or gradientecho techniques. Spin-echo sequences use refocusing radiofrequency (RF) pulses that cause the magnetization to realign even in the presence of resonance frequency variations due to static magnetic field inhomogeneity effects, resulting in robust imaging methods (1) . This, combined with efficient mechanisms to generate pure T 1 , T 2 , and protondensity contrasts, is why spin-echo methods are commonly used for routine clinical scanning. However, spin-echo methods are limited for some applications, due to high RF power requirements and lengthened time needed for refocusing pulses.
Particularly for 3D imaging or other applications where very rapid data collection is necessary, rapid gradient-echo imaging methods are frequently used. Early gradient-echo sequences used a short excitation followed by the minimum gradient waveforms necessary to form an image, allowing very rapid imaging (2) . Numerous variations on this approach allow more control of image artifacts and contrast. This article describes the contrast mechanisms, parameter selections, and some applications of gradient-echo sequences.
General Gradient-Echo Sequences
As is common in MRI, the terminology around gradient-echo sequences has become confusing and, to some extent, ambiguous. Generally, the term ''gradient echo'' refers to a point in time when magnetization in a motionless sample is coherent regardless of its position within the sample along at least one direction (3) . This usually occurs whenever the net gradient area since the excitation is zero. Conversely, in a ''spin echo,'' magnetization is additionally coherent regardless of resonant frequency (1) . The relationship between gradient echoes and spin echoes is both described and applied in the GRASE (gradient and spin echo) technique (4) . Gradient-echo sequences, the topic of this article, are generally sequences that do not use spin echoes. These include gradient-spoiled sequences, RF-spoiled sequences, and balanced steady-state free precession (bSSFP) sequences.
Rapid gradient-echo sequences consist of a single RF excitation, imaging gradients, and acquisition, as shown in Fig. 1 . The RF pulse has some flip angle, a, and some phase angle, f. Similar slice-selection (or slab-selection for 3D) and imaging gradients are used for all gradient-echo sequences. The echo time (TE) is the time from the RF pulse to the formation of a gradient echo, and the repetition time (TR) is the time between excitation pulses.
After the imaging portion of the sequence, some residual transverse magnetization remains, and different gradient-echo sequences use this magnetization differently. Balanced SSFP sequences have no spoiler gradients, and attempt to recover transverse magnetization. Gradient-spoiled sequences have a ''spoiler gradient'' at the end of the repetition, which averages transverse magnetization across a voxel. Finally, RF-spoiled sequences use a gradient spoiler at the end of the repetition and additionally vary the phase of each RF pulse to eliminate transverse magnetization, providing pure T 1 contrast. The different treatment of residual magnetization results in very different contrasts for these three sequences, as shown in Fig. 2 .
Magnetization Dynamics
Although the purpose of this article is to provide an intuitive understanding of methods, numerous other analysis techniques exist. The dynamics of spins in an MRI system with RF and gradient coils are accurately described by the Bloch equation (5) . Given RF and gradient waveforms, as well as the resonance frequency, relaxation times, and position of a spin, the (3 Â 1) magnetization vector can be easily modeled using a matrix formalism (6) . The effects of precession, gradients, RF excitation, and relaxation can easily be applied numerically to individual spins to study the resulting MRI signal and contrast from many different pulse sequences. Analytic descriptions of the signals in different gradient-echo sequences often provide faster calculations and additional insights into the signal formation (7) (8) (9) (10) . Alternatively, extended phase graphs are a powerful tool to model signal formation through different refocusing pathways and can include diffusion effects (11, 12) . Other articles have also provided additional explanations of the different steady states that form in rapid gradient-echo imaging (13, 14) .
Steady States
In MRI pulse sequences the same sequence of RF rotations and gradients is usually repeated many times, with magnetization changing the same way during each repetition. When the TR is long, the magnetization begins at equilibrium on each repetition. As TR is shortened to about 2Â T 1 or lower, incomplete T 1 -relaxation may occur, and magnetization forms a ''steady state'' that depends on T 1 and TR. When TR is further shortened to about 2Â T 2 or lower, both T 1 and T 2 relaxation are incomplete and the steady-state signal depends on many factors. This last case applies to most rapid gradient-echo sequences. Figure 1 . Gradient-echo sequences generally consist of repeated RF pulses with a spacing TR, and imaging gradients. The RF flip angle (a) is usually constant, while the phase angle (f) can be constant, or can increment linearly or quadratically with the repetition number. At the end of the repetition the sequence may have balanced gradients, spoiler gradients, or RF spoiling, leading to preservation, averaging, or elimination of remaining signal, and very different image contrast and properties. The choice of flip angle also alters contrast, while repetition time (TR) and echo time (TE) are often minimized subject to other constraints, except when generation of T 2 * contrast is desired. 
Overview
This article begins by showing intuitively how the basic steady states are formed, with mathematical explanations given in the Appendix. The different implementations, contrast mechanisms, and characteristics of common rapid gradient-echo imaging sequences are then explored. Finally, the effects of imaging parameters including flip angle, repetition time, and echo times are described, with examples of these changes.
GEOMETRIC DESCRIPTION OF MAGNETIZATION DYNAMICS
This section explains the magnetization dynamics in gradient-echo sequences geometrically. A parallel, mathematical explanation is given in the Appendix. The signal dynamics are first described for bSSFP, which is the simplest sequence. From this, the signals in gradient-spoiled variations then RF-spoiled sequences can be explained.
Balanced Steady-State Free Precession
The most basic gradient-echo sequence occurs when the net gradient area on each axis is zero over the sequence repetition. In this case, the effect of gradients on the steady state can be neglected. Historically, the resulting magnetization dynamic is called ''steady-state free precession'' (SSFP) (15) but to avoid ambiguity, the term ''balanced SSFP'' (bSSFP) is often used. The bSSFP magnetization is described here, and in more detail elsewhere (16, 17) .
To understand the magnetization dynamics, first assume that the sign of the RF excitation alternates between successive repetitions, and the flip angle is reasonably large, say greater than 10 (see below, ''Small Flip-Angle Balanced SSFP''). When TR is very short, the change in magnetization length over TR can be neglected, which combined with the Bloch equation leads to a very powerful constraint: the steady-state magnetization is restricted to lie on the surface of an ellipsoid (Fig. 3) . The shape of the ellipsoid is determined by the T 2 /T 1 ratio of the tissue. RF pulses and precession both rotate magnetization on this ellipsoid by known angles, and the complete steady state is easily found geometrically as shown in Fig. 3 , which shows the magnetization path that satisfies both the RF rotation and precession angles, while lying on the ellipsoid surface (17, 18) . This solution explains many gradient-echo sequence signal characteristics.
The magnetization states from Fig. 3 are summarized at different timepoints in Fig. 4 . The signal (transverse magnetization vectors) starts as an elliptical distribution, then aligns along positive and negative directions midway between RF pulses, and then reforms an elliptical distribution. The amplitude and phase for the well-known bSSFP signal profile (Fig. 4) are periodic functions of the resonant frequency (period ¼ 1/TR). The signal magnitude is symmetric about the on-resonance frequency, and includes null points, where the signal is zero. The phase is refocused midway between RF pulses offering a spinecho-like effect, but over a limited range of frequencies (19, 20) .
Gradient-Spoiled Dynamics
The precession over each repetition can result from background static magnetic field variations, or be induced by a spoiler gradient. In the latter case, the amount of precession varies linearly across a voxel, with each spin reaching a steady state based on the amount of precession induced at that location. The end effect is that the signal is the average of the bSSFP signal, as shown in Fig. 5 . Since precession from the spoiler dominates precession due to other sources, the spin dynamics are as shown along the top of Fig. 4a , where the imaging measurement precedes precession. The signal is the complex (vector) (green). These same angles are shown in (c), with squares and diamonds marking the position immediately after and before an RF pulse. Arrowheads in (c) mark magnetization midway through TR, which is aligned along the positive and negative M x -axis depending on amount of precession. (As described in the Appendix, the equatorial radius of the ellipse is ðM 0 =2Þ ffiffiffiffiffiffiffiffiffiffiffiffiffi
; which is the basis of T 2 /T 1 contrast in gradient-echo sequences.) average of the elliptical distribution of spins in Fig. 4 , and is not sensitive to the resonant frequency. However, the presence of multiple frequencies in a voxel will result in static dephasing, or T 2 * signal loss. Note that the spoiler area should be chosen carefully to induce an integer number of cycles across the voxel to avoid any signal variations with resonant frequency.
Complete Spoiling Dynamics
Completely eliminating transverse magnetization at the end of each repetition enables pure T 1 -weighted imaging, but unfortunately it is not possible to simply null transverse magnetization. Gradient spoilers dephase a group of spins in a voxel, which has the effect of nulling the signal in the short term. However, as shown by Fig. 5 , in the steady state there is considerable transverse signal after the spoiler gradient. Varying the size of spoiler gradients for different repetitions alters this behavior, but still does not fully eliminate signal in the steady state (21, 22) .
Fortunately, the combination of spoiler gradients with a variation of the RF pulse phase can solve this problem.
The technique of RF-spoiling uses an unbalanced gradient for gradient spoiling and also increments the phase of the RF pulse (and acquired data) on each excitation (22, 23) , and increases the RF phase increment by certain numbers such as 117
. While the overall distribution of magnetization within a voxel is very complicated, the average signal is very similar to that which would be achieved if the transverse magnetization could be just set to zero at the end of each repetition, which enables pure T 1 -weighted imaging.
PULSE SEQUENCES
The previous section described the steady states that form when periodic sequences of RF rotations, Figure 5 . Signal formation in gradient-spoiled imaging. Different spins experience a different amount of precession over TR, so that the distribution of spin signals within a voxel is the bSSFP profile (a). The black arrow (b) shows the complex average of these spin signals, which gives the black signal level shown in (c), which is lower than the peak bSSFP signal, but without the sensitivity to resonant frequency offsets. . Balanced SSFP transverse magnetization distribution at different timepoints. Depending on precession angle c, the transverse components begin distributed along an ellipse, are refocused along 6M x midway between RF pulses, and end again on an ellipse, with each spin reflected about the M x axis from the starting point. At all points the phase is linear with c, and has discontinuities of p at c ¼ (2nþ1)p, where n is an integer. (These assume alternating RF sign, although similar principles apply for different RF phase increments.) Figure 6 . Balanced SSFP pulse sequence. All gradient waveforms are fully rewound, or balanced, meaning they have zero net area over one repetition. The RF pulse sign usually alternates, so that a high signal is produced for on-resonance spins. The signal echo location is shown on the G x waveform.
precession, and decay are applied. We now describe several different pulse sequences using these concepts to understand the signal formation with each sequence. In all cases, we use the x, y, and z axes as the readout, phase-encode, and slice-select axes, respectively. Other practical aspects of these pulse sequences are described in considerable detail elsewhere (3, 24) .
Balanced SSFP Imaging
Balanced SSFP imaging uses the sequence shown in Fig. 6 to give the signal characteristics described in the previous section (25, 26) . All gradients are ''balanced,'' meaning they have zero net area over a repetition. This creates the bSSFP magnetization dynamics described above, where the precession c arises only from off-resonance effects, and typically the goal is to keep c small. Commercial names for bSSFP methods include True-FISP, FIESTA, Balanced-FFE, BASG, or True SSFP.
bSSFP images usually result in the highest signal of the gradient-echo methods, and a contrast that is a function of T 2 /T 1 (Fig. 7) . The primary limitation of bSSFP imaging is the signal variation with off-resonance frequency (27) , which can be mitigated by minimizing the repetition time, TR. However, the minimum time required to achieve adequate spatial resolution or to limit RF power absorption limits the minimum TR that can be achieved. Using multiple acquisitions with ''phase cycling'' can also mitigate undesirable signal variations due to static magnetic field variations (28, 29) . Adding a constant phase to each successive RF pulse (and acquired echo signal) adds a constant amount of procession per TR, which simply shifts the signal profile horizontally in Figs. 3 and 4. The receiver phase is aligned with the transmit phase. Note that the alternating RF scheme that is typically used is really a phase increment of 180 per TR. Numerous schemes of combining acquisitions with different phase increments have been proposed to smooth the signal (7, 30, 31) , to create suppression profiles (32) , or to maximize the signal-to-noise ratio of the combination (33) . Other variations of bSSFP sequences have been proposed for different objectives. Frequency-modulated SSFP is a way to continuously vary the phase cycling described above (34) . Alternating the phase of the RF pulse by 90 (35) , or alternating the repetition time itself (36, 37) vary the spectral profile to allow fat suppression or wider spacing between dark bands.
Gradient-Spoiled Sequences
The goal of gradient spoiling is to avoid the signal variations due to off-resonance effects in bSSFP, by essentially averaging the profile. The gradient-spoiled sequence (FE, FFE, GRASS, GRE, FISP, FAST), uses a spoiler gradient at the end of the sequence as shown in Fig. 8 (8,38) . The net gradient area is no longer zero over a sequence repetition, resulting in complex averaging of the bSSFP signal profile within each voxel. Typically, the spoiler area is chosen to induce an integer number of cycles of phase twist across a voxel. The effect is similar regardless of the direction of the net spoiler gradient, which may be chosen to induce phase in the slice, readout, or phase-encode direction, or in some combination of these. However, it is important to note that for a given spoiler gradient size, spoiling in the slice direction is often the most effective, since this is often the largest voxel dimension so the phase twist across a voxel is maximized.
While the signal in gradient-spoiled images is reduced since spins are no longer perfectly coherent, the image contrast of gradient-spoiled images is similar to that of bSSFP, still a function of T 2 /T 1 , because underlying elliptical spin distribution is based on T 2 /T 1 . Additionally, the relative signal of fluids tends to be lower compared to the predicted signal in gradient-spoiled imaging than bSSFP, due to diffusion effects (39) . These can be understood by considering that the dephased signal after one repetition is rephased by later spoiler gradients, and in the presence of diffusion the rephasing is less complete (40) . Figure 9 compares images with bSSFP and gradient spoiling, using identical flip angles. Note the brighter cerebrospinal fluid (CSF) in the bSSFP image, but also the presence of a signal null near the sinuses. There are many variations of gradient-spoiled sequences, depending on the direction and size of the spoiler gradient. However, if the assumption can be made that the unbalanced gradient induces numerous rotations within a single voxel, the signal is similar for all variations.
Reversed Gradient-Spoiled Echo
While gradient-spoiled sequences generate the elliptical distribution at the top of Fig. 4 within each voxel, it is also possible to image with the distribution at the bottom of Fig. 4 by inducing precession prior to imaging. The reversed gradient-spoiled sequence (CE-FAST, SSFP, T2-FFE, and PSIF, SSFP-echo) instead uses a gradient spoiler at the beginning of the sequence, as shown in Fig. 10 (38,41) . As with the gradient-spoiled sequence, the steady-state magnetization for any single spin is the same as for bSSFP when the precession due to the gradient spoiler is included. However, imaging occurs after the spoiler gradient. Because of the absence of a free-inductiondecay signal component, the signal is more heavily T 2 -weighted than that of gradient-spoiled imaging, as well as more sensitive to diffusion effects (39, 42) . Note that T 2 ' dephasing effects should be calculated between the echo time and the subsequent RF pulse. The reversed gradient-spoiled sequences have similar T 2 /T 1 contrast to gradient-spoiled sequences, but with additional T 2 weighting. As TR approaches T 2 , this can produce fairly noticeable signal differences, as shown in Fig. 11 .
Double Echo Imaging (FADE or DESS)
The fast acquisition double echo (FADE) or double echo at steady state (DESS) sequence acquires both the gradient-spoiled echo and the reversed gradientspoiled echo in a single repetition (42) (43) (44) . This is achieved by placing the gradient spoiling in the middle of the sequence as shown in Fig. 12 . The echo characteristics are those described above. Commercial implementations (DESS, MENSA) typically combine the signals from both echoes using a magnitude sum or root-mean-square combination. However, recent work suggests that the difference between echoes can be exploited to measure T 2 to a good approximation (45) , while modulation of the spoiler gradient can offer quantitative diffusion measurement (46) . Often the spoiling in FADE or DESS is achieved by simply extending the readout gradient, although it has recently been shown that playing the spoiler on the slice-select axis can often reduce its area, which minimizes diffusion-related signal loss (47) .
RF-Spoiled Gradient-Echo
Gradient-spoiled, reversed gradient-spoiled, and bSSFP sequences all have a signal with ''T 2 /T 1 '' contrast. The T 2 dependence can be virtually eliminated by RF spoiling (22, 23) , leaving pure T 1 contrast. RF spoiling quadratically increments the phase of the RF pulse in combination with gradient spoiling, with the result that residual transverse magnetization before the RF pulse is not refocused and can be neglected. Therefore, the pulse sequence looks exactly like the gradient-spoiled sequence (Fig. 8) . The signal in RF-spoiled sequences (SPGR, FLASH, T1-FFE) can be calculated by numerical simulations, but is well approximated by simply neglecting residual transverse magnetization prior to each RF pulse Figure 12 . FADE or DESS pulse sequence, which acquires both the gradient-spoiled echo and the reversed gradientspoiled echo (shown on G x waveform). A spoiler gradient is shown on both the readout (x) and slice-select (z) axes, midway between RF pulses, although the spoiling is often achieved by simply maintaining the readout gradient amplitude for long enough to separate the echo signals in time. Figure 14 . Balanced SSFP (a) and postcontrast RF-spoiled (b) images of the colon. Tap-water enema used for colonic distension is bright on bSSFP due to the long T2, but dark on RF-spoiled imaging due to the long T1 (solid arrow). However, gadolinium-enhancement causes shortened T1, which highlights the colon wall (dashed arrow). (Courtesy of Dr. Lewis Shin, Stanford University.) (see Appendix). Diffusion effects further enhance the ability of RF-spoiled sequences to avoid T 2 -dependent contrast.
RF-spoiled gradient-echo imaging is commonly used clinically for contrast-enhanced imaging, since the pure T 1 weighting highlights the shortened-T 1 due to the presence of a contrast agent. One of the most common contrast-enhanced applications is MR angiography, whereby fast 3D RF-spoiled images are acquired shortly after contrast injection to vasculature. Careful timing of these images enables depiction of arterial and venous phases. Dynamic contrastenhanced MRI extends this approach to measure the time course of perfusion. Figure 13 shows an example of precontrast and postcontrast T 1 -weighted imaging that is the primary method used to diagnose breast cancer with MRI. Another example in Fig. 14 shows the contrast enhancement of the colon wall, compared with bSSFP contrast. Both images are part of a 3D series acquired in a single breath-hold. Balanced SSFP shows fluid in the colon, while contrast-enhanced RFspoiled imaging suppresses the fluid signal, but highlights the colon wall. Possibly due to the high prevalence of RF-spoiled gradient-echo imaging, the unqualified term ''spoiled'' usually means RF-spoiled, as opposed to gradient-spoiled. Additionally, the terms GRE or gradient echo are frequently used to refer to RF-spoiled imaging.
IMAGING CONSIDERATIONS
This section briefly discusses some of the parameter choices and signal considerations with the rapid gradient-echo pulse sequences, including relative signals and contrast of different sequences.
Timing Parameters
Gradient-echo sequences are relatively simple, with only two primary timing parameters, TR and TE. For most fast imaging applications, TR is minimized, primarily to reduce the scan time and avoid bulk subject motion. This is emphasized more with bSSFP, particularly at higher field strengths, as reducing TR reduces the likelihood of dark band artifacts (described above). The minimum TR is limited by the duration of pulses due to imaging resolution and gradient system limitations, and in the case of T 2 *-weighted imaging, by the lengthened TE.
Several considerations affect the choice of echo time, TE. Minimizing the TE minimizes intravoxel dephasing, which leads to signal loss in RF-spoiled and gradient-spoiled sequences. However, in bSSFP this dephasing is minimized by choosing TE ¼ TR/2 (19, 20) . In reversed gradient-spoiled imaging, the dephasing is minimized by minimizing the difference between TE and TR.
Contrast based on T 2 * (both T 2 -decay and intravoxel dephasing) is very commonly used for numerous applications, particularly for neuroimaging (48) . Different contrast methods include blood oxygenation level-dependent (BOLD) imaging in functional MRI (fMRI) (49, 50) , for dynamic susceptibility contrast (DSC) perfusion (51) , and more recently for susceptibility-weighted imaging (SWI) (52) . T 2 * weighting is generated by using a longer TE, at a cost of reduced signal-to-noise ratio (SNR) and longer TR. Typically, gradient spoiling or RF spoiling is used for these sequences, although when TR is long compared to T 2 * the difference may be negligible. An example fMRI activation map is shown in Fig. 15 .
Alternatively, it is often desirable to minimize TE to reduce the sensitivity to flow, cardiac motion, or respiratory motion. In addition to short TE, a ''fractional'' readout is often also used, in combination with a partial Fourier reconstruction (53, 54) . The reduced size of dephasing and readout gradients prior to TE substantially reduces the higher gradient moments, and thus the sensitivity to motion or flow (55, 56) . Using modern gradient systems, it is not unusual to achieve TE times of 1-2 msec by using these approaches, combined with high receiver bandwidths.
A more extreme case of minimized TE is ultrashort TE (UTE) imaging (57), whereby special excitation pulses, radial readouts, and in some cases specialized receiver hardware are used to image with echo times of tens to hundreds of microseconds. Here the goal is to use a near-zero echo time to image very short T 2 (or T 2 *) species that are otherwise not visible, as shown in Fig. 16 . There has been considerable interest in UTE imaging, particularly for imaging tendons, ligaments, menisci, and cortical bone (58) (59) (60) .
Finally, it is becoming more common in gradientecho sequences to use multiecho or Dixon-type methods (61-63) for fat/water separation. For rapid steady-state sequences, an advantage of these approaches is that they do not interrupt or alter the steady state. Particularly in abdominal imaging, the use of both in-and out-of-phase imaging can also be useful in diagnosis of liver lesions based on fat/water chemical shift (64) , as well as T 2 * effects (65) . There are, of course, numerous other applications for multiple TE methods and T 2 * measurement (eg, 66-68).
Flip Angle and Contrast
Since TR is often minimized, the flip angle is the main parameter used to adjust contrast in rapid gradient-echo sequences. Figure 17 shows the flip-angle dependence of bSSFP, gradient-spoiled, and RF spoiled sequences. For a given T 1 and T 2 combination, each sequence has a flip angle that maximizes SNR. An interesting point to note is that at the Ernst angle (69), a ¼ arccos e ÀTR=T1 À Á which maximizes signal for RF-spoiled sequences, the signal is identical for all spoiling methods (10) . Below the Ernst angle, the gradient-spoiled signal is actually lower than that of RF-spoiled signal, while the bSSFP signal may be higher or lower depending on whether the excitation sign alternates. Overall, the flip angle is usually chosen to maximize a combination of SNR as well as contrast between the tissues of interest. Figure 18 shows bSSFP, gradient-spoiled, and RF-spoiled images with identical parameters at different flip angles. It is clear that for each sequence both contrast and signal vary with flip angle, and the optimal choice of flip angle combines the goals of high contrast and high SNR.
Small Flip-Angle Balanced SSFP
The signal description in this article applies for bSSFP with moderate to large flip angles, as is commonly used in many clinical imaging cases. However, in cases where the flip angle is small, the assumption that the RF nutation is balanced by precession (and that relaxation over TR can be neglected) breaks down. The contrast is less dependent on residual magnetization, and tends to become proton-densityweighted and less dependent on spoiling. The bSSFP signal profile is inverted, so that at critical frequencies where there are signal nulls for high flip angles, the low-flip-angle signal is maximized (10) . Interestingly, however, the phase profile is independent of flip angle, (e ÀTR/T1 ), gives the same signal for all sequences, and the peak signal for RF-spoiled sequences (10) . Note that diffusion effects will further reduce the signals, particularly in gradient-spoiled and RF-spoiled sequences. Figure 18 . Images using RF-spoiled, gradient-spoiled and balanced SSFP imaging sequences with identical timing parameters (TR/TE ¼ 7/3.4 msec) at a range of flip angles. For each tissue type and sequence, the signal will generally peak at a particular flip angle. Note that for white matter, the Ernst angle at TR ¼ 7 msec and 1.5 T is about 9
, and the signal level is about the same in the 10 image for all sequences. The ''best'' flip angle for a sequence is often chosen to maximize contrast between tissue types. and sharp transitions at critical points remain. The combination of high signal with rapid phase transition has been exploited for functional MRI (70), as well as for MR thermometry (71) .
SNR Considerations
SNR is always an important consideration in MRI. SNR is proportional to voxel size, the square root of the total acquisition time, and the signal level for the given sequence and parameters. 3D gradient-echo sequences typically achieve good SNR because the signal is averaged over many repetitions when 3D phase encoding is used. However, as TR is shortened, a greater proportion of time is required for RF pulses and preparatory gradients such as phase encoding, dephasing, and rephasing. This means that the ''acquisition duty cycle'' or the portion of TR spent acquiring data is reduced. A compromise is to lower the readout bandwidth, which increases the acquisition duty cycle, but this increases TE (and T 2 * signal loss) or may extend TR. Extending TR lengthens scan time and exacerbates dark band artifacts in bSSFP. Overall, in gradient-echo sequences there is usually a trade-off between maximizing SNR and minimizing TR and TE for the reasons described above.
Magnetization Preparation Options
In order to enhance the intrinsic contrast of gradientecho sequences, ''magnetization preparation'' schemes are often used. These may include chemically selective saturation (CHESS) or inversion-recovery for fat suppression (72), inversion-recovery for long-T 1 fluid suppression, or background suppression for angiography or perfusion, T 2 -preparation to enhance T 2 contrast (73) , myocardial tagging to observe myocardial motion (74) (75) (76) (77) , magnetization-transfer preparation (78, 79) . Magnetization-prepared rapid acquisition with gradient-echo (MP-RAGE) methods use either a saturation pulse to enhance T 1 contrast or a T 2 -prep pulse to enhance T 2 contrast (80). The preparation block simply precedes a gradient-echo readout method that can use any of the spoiling types described here. An example comparing magnetization-prepared (inversion-recovery background suppression) imaging to contrast-enhanced RF-spoiled imaging for MR angiography is shown in Fig. 19 , demonstrating two very different gradient-echo imaging approaches for this application.
Following any preparation technique, it is desirable to image as quickly as possible. For RF-spoiled and gradient-spoiled imaging, it is often possible to simply begin imaging after preparation. Balanced SSFP is increasingly used following magnetization preparation because it preserves high signal, but care must be taken to avoid signal oscillations that cause image artifacts (81) . A bSSFP start-up or ''catalyzation'' sequence of RF pulses is usually used, ranging from a simple a/2 pulse (82) to longer sequences that perform well over a broader range of off-resonances (83) , to a spin-echo-like approach called transition into driven equilibrium (TIDE) (84) . All of these approaches attempt to ensure a smooth transient signal, which Figure 19 . MR angiograms of the renal arteries using inversion-recovery and fat-saturation preparation to null fat and background tissue, followed by a bSSFP imaging readout to offer a noncontrast-enhanced angiogram (a) and leg vasculature using fat-saturation and RF-spoiled imaging following intravenous gadolinium injection, with accelerated techniques to acquire the image in just 8 seconds to avoid venous contamination 
Flow and Motion Sensitivity
Most derivations of steady-state MR signals, including those in this article, ignore the effects of flow and motion. However, the broad applications of these sequences often involve diffusive, cardiac, respiratory, or other motion as well as steady or pulsatile flow. The imaging effects of motion or flow are often similar to any sequence, and can be reduced with standard techniques such as cardiac or respiratory triggering, breath-holding, or navigator-based methods. Gradient moment-nulling or short echo times can be used to reduce flow sensitivity. In addition, flow and motion can affect the steady-state itself, often causing signal variations. Diffusion and motion sensitivity increase primarily with the size of unbalanced spoiler gradients. The steady state in bSSFP is relatively insensitive to diffusion and small motion, as the gradient area is rewound and gradient firstmoments tend to be nulled in the readout direction and small in other directions. Instead, flowing spins in bSSFP can result in slice-profile distortion and out-of-slice excitation (85) . Gradient-spoiled imaging is particularly sensitive to diffusive motion, especially when the spoiler precedes imaging (39) . Constant flow in gradient-spoiled imaging essentially results in a quadratic-phase modulation of the excitation which can cause velocity-dependent signal modulation and loss (86) . RF-spoiled sequences tend to be relatively immune to most motion, as most motion effects either help eliminate transverse magnetization or at least do not enhance signal. Finally, as with other sequences, inflow enhancement can alter the signal in all steady-state sequences, especially when flow is time-varying or acquisitions are cardiac or respiratory triggered.
SUMMARY
Gradient-echo sequences are commonly used in MRI for applications such as rapid 3D imaging, fMRI, and magnetization-prepared imaging, with many of the variations summarized in Table 1 . When short repetition times are used, the signal behavior and contrast of these sequences depends strongly on the residual magnetization prior to each excitation. Signal contrast can be altered by using combinations of gradient spoiling and RF spoiling, or by varying the flip angles. The choice of TE also allows contrast based on T 2 * or chemical shift, as is commonly used for perfusion, susceptibility-weighted, or BOLD imaging. Finally, gradient-echo sequences can be combined with magnetization preparation schemes to setup and efficiently image a desired contrast state without the blurring that can occur with spinecho methods.
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APPENDIX A

Mathematical Description of Steady States
Although much of the bSSFP signal can be understood intuitively by using the graphical explanations in Fig. 3 , a simple mathematical description is provided here for completeness. Similar descriptions for gradient-spoiled and RF-spoiled sequences follow.
Balanced SSFP Dynamics
The assumption that magnetization length does not change over TR can be restated as follows: the change in magnetization _ M is always perpendicular to the magnetization M, or mathematically, _ MÁM ¼ 0. The Bloch equation equates the change in magnetization to the magnetization itself. The above assumption can easily be combined with the Bloch equation, and with completion of the square gives:
Equation [1] describes the ellipsoid centered at (0,0,M 0 /2), with height M 0 and equatorial radius ðM 0 =2Þ ffiffiffiffiffiffiffiffiffiffiffiffiffi Fig. 3a,b) . Given this ellipsoid of possible locations of the magnetization in the steady state and the rotations due to precession and RF pulses, the steady state can be easily found as shown in Fig. 3 and as follows. With increasing precession, the magnetization state moves lower on this ellipsoid, toward the Mx-My plane. A key parameter of the steady state is the ''effective flip'' angle b (18), which is given as tan(b/2) ¼ M xy /M z ¼ tan(a/2)sec(w/2), where a is the RF flip angle and w is the precession over a TR.
The signal level, also given in Ref. 13 , is the radius where the ellipsoid of Eq. [1] forms an angle of b/2 to the M z axis, as:
The signal is maximized when tanðb=2Þ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi T 2 =T 1 p , which corresponds to the magnetization following the outermost extent of the ellipsoid, or if this is not possible, when b ¼ a (w ¼ 0). When b reaches 180 , the signal approaches zero for any sizable flip angle a. The signal midway between RF pulses is refocused, with alternating sign based on the sign of cos(w/2), which changes when b (or equivalently w) reaches 180
. Note that this analysis applies for reasonably large flip angles, a, as are commonly used for imaging. The case for small flip angles was briefly described in the ''Imaging Considerations'' section and elsewhere (10).
Gradient-Spoiled Dynamics
As shown in Fig. 5 , gradient spoiling causes different amounts of precession within a voxel, resulting in different spins reaching different steady states based on the precession, as shown in Fig. 3 . Assuming that the variation of this precession is an integer number of cycles, the signal is then the average over a full period of the bSSFP signal that occurs immediately following the RF pulse. To a good approximation, the signal is the average over c of Eq. [2] , with a complex phase. Additionally, T 2 * loss from the RF pulse to the echo time must be included. Mathematically, the signal becomes:
where b ¼ 2arctan[tan(a/2)sec(c/2)]. This expression is presented primarily for illustration, but is accurate for the assumptions of moderate flip angle and short TR or TE. For the reverse gradient-spoiled sequence, the complex exponent is negated, but the net signal is the same except that, since TE is longer, there will be additional T 2 weighting. Static dephasing (T 2 ') effects have been omitted in both cases. More exact formulations of this signal are given in Refs. 7, 8, and 43.
Complete Spoiling Dynamics
When spoiling is ''complete,'' then the transverse magnetization can be assumed to be zero at the end of the repetition time. The longitudinal magnetization at the end of a repetition can be equated in consecutive repetitions from the Bloch equation as:
This is easily solved to give the signal, including T 2 * decay from RF pulse to echo time:
The Ernst angle is simply the flip angle a that maximizes the signal in Eq. [5] , as shown in Fig. 17 (69) . The main conclusion is that the relative simplicity of Eq. [5] compared with Eq. [3] shows that gradient spoiling results in a very different signal to that of complete spoiling.
The signal produced by RF-spoiling can be calculated numerically by simulating multiple precession angles over TR, and including a rotation due to the incrementing RF phase (23) . Such a simulation is considerably more complicated than the equations above, but the average over all spins is close to the signal given by Eq. [5] , which demonstrates that RFspoiling is a very good approximation to complete spoiling.
